Achromatic interferometric lithography is the preferred approach for producing large-area, spatially coherent 100 nm period gratings and grids. We report on improvements to processes which have enabled exposure areas of Ϸ10 cm 2 . In addition, we report on the fabrication of 100 nm period free-standing gold gratings.
I. INTRODUCTION
Gratings and grids have many current and potential applications such as atom-beam diffraction and interferometry, 1, 2 x-ray spectroscopy, 3, 4 deep-ultraviolet polarization, 5 metrological standards, 6, 7 arrays of field emitters for flat-panel displays, 8 and high-density magnetic memory. [9] [10] [11] Some of these applications require periodic structures covering large areas with patterns that possess long-range spatial-phase coherence ͑LRSPC͒.
Periodic structures possessing LRSPC, with periods as small as 200 nm, are routinely patterned using interferometric lithography ͑IL, formerly referred to as holographic lithography͒. In IL, an optical standing wave, produced by intersecting two mutually coherent beams, is used to expose a resist film. The standing wave has a period p given by pϭ/͑2 sin ͒, where is the wavelength of the light, and is the half angle between the intersecting beams. However, at wavelengths shorter than 248 nm, it is difficult to obtain sources with sufficient temporal and spatial coherence and output power for conventional IL. Hence, to expose gratings and grids of 100 nm period, achromatic interferometric lithography ͑AIL͒ is preferred. With AIL, temporal coherence is irrelevant and spatial coherence limits only the depth of focus within which high-contrast grating and grid images can be obtained. 12 Additionally, with AIL excellent dose uniformity can be achieved across the entire exposure area and the size of the exposure area can be tailored to suit a particular application.
II. ACHROMATIC INTERFEROMETRIC LITHOGRAPHY
To expose 100 nm period gratings or grids, the beam from a free-running ArF laser ͑ϭ193 nm͒ is expanded in one dimension and collimated in the other dimension. The beam is then polarized using a Wollaston prism. The undesired polarization ͑TM͒ is used to monitor the beam power while the desired polarization ͑TE͒ is scanned at normal incidence across the first of three phase gratings shown in Fig. 1 . Scanning the beam compensates for the nonuniform beam profile and results in uniform exposure.
As shown in Fig. 1 , three phase gratings, fabricated using conventional IL and reactive ion etching ͑RIE͒, have periods of 200 nm. 3 The first grating, fabricated to achieve high diffraction efficiency into first order, differs in etched depth from the second and third gratings which were fabricated to achieve high efficiency into second order. During AIL exposure, the first grating splits the incident radiation into zeroand first-order beams. The zero-order beam is blocked while the first-order beams are allowed to propagate to the second and third gratings. The second and third gratings recombine the beams via second-order diffraction. The recombined beams produce a standing-wave interference pattern which has a spatial period half that of the phase gratings. The interference pattern is recorded in a resist film on a substrate.
Because the three phase gratings were patterned by conventional IL, which involves interfering two beams with spherical wave fronts, the resulting phase gratings are ''chirped,'' that is, the grating period varies as a function of distance from the center in a predictable manner. 13 A detailed but straightforward analysis shows that the spatial period in the AIL image, and its contrast, is a function of the match in spatial period of the three phase gratings.
14 For our source, a free-running ArF laser, the period match must be better than approximately 30 parts per million. We matched the nominal periods of the three gratings to better than one part per million. 13, 14 In the configuration shown in Fig. 1 , the beams that recombine at a given point on the substrate origi- nate ͑i.e., diffract͒ from regions of gratings 1, 2, and 3 that match in spatial period. For this reason, and by scanning the input beam, we are able to achieve high-contrast exposures covering an area Ϸ10 cm 2 .
III. RESIST PROCESSES
In earlier work 15 we used a bi-level resist process in which patterns were imaged and developed in resist over an antireflection coating ͑ARC͒. To transfer the resist pattern, a durable material, typically metal, was shadow-evaporated to cap the resist structure. The evaporated material served as a mask to RIE the ARC. While superior to a process without ARC, the bi-level process suffers from a number of limitations such as poor linewidth control, increased line-edge roughness, and defects caused by irregular evaporated material.
To avoid the difficulties encountered with the bi-level process, we have developed a tri-level scheme similar to one developed for conventional IL. 16 A thin interlayer, sandwiched between the resist and the ARC, provides high etchrate selectivity and becomes part of an antireflective stack. We have chosen to use evaporated SiO 2 as an interlayer because of its close index match to poly ͑methyl methacrylate͒ ͑PMMA͒. For 193 nm radiation, PMMA has an index of refraction nϭ1.685 and SiO 2 has an index nϭ1.563.
The purpose of the antireflective stack is to suppress the reflection from the bottom boundary of the resist. Shown in Fig. 2͑a͒ is a plot of the calculated reflectivity ͑ratio of the power of the backward and forward traveling waves͒ from the PMMA/interlayer boundary as a function of ARC thickness. Kunz et al. 17 have measured the ARC index to be nϭ1.58ϩi0.23. We typically use an ARC thickness of 220 nm, which is sufficiently thick to suppress the reflection from any substrate below the ARC, as evidenced by the dampened oscillations in the curve. Figure 2͑b͒ plots the calculated reflectivity as a function of interlayer thickness. During the ARC RIE in O 2 , the oxide mask erodes both laterally and vertically. We have found that an oxide thickness greater than about 30 nm is needed to provide adequate masking. We typically use a thickness of 50 nm which is close to a minimum in reflectivity. Results using the tri-level process are shown in Fig. 3 . Figure 3͑a͒ shows a grating in PMMA after exposure and development. For pattern transfer, the resist masks the interlayer RIE ͑15 sccm CHF 3 , 10 mTorr, 300 V dc bias, Ϫ30°C wafer temperature͒ and the remaining interlayer masks the ARC RIE ͑5 sccm O 2 , 10 sccm He, 7 mTorr, 250 V dc bias, Ϫ30°C wafer temperature͒. Results of the pattern transfer down through the ARC are shown in Fig. 3͑b͒ . 
IV. GRATING AND GRID FABRICATION
We previously reported the fabrication of free-standing 100 nm period gratings in silicon nitride. 15 Here we report the fabrication of free-standing 100 nm period gratings in gold.
Figures 4 and 5 depict the fabrication steps for freestanding gold gratings. The tri-level process is used to pattern ARC lines over a plating base of 5 nm of chrome and 20 nm of gold ͓Fig. 4͑a͔͒. The ARC lines serve as a mold, or stencil, to plate up gold ͓Fig. 4͑b͔͒. For plating, we use a commercial gold sulphite bath ͑Sel-Rex Neutronex 309͒, with a thallium sulphate brightener formulation, 18, 19 in conjunction with a commercial fountain-type plating system. After plating, the interlayer and ARC are stripped ͓Fig. 4͑c͔͒. Next, 2.5-m-thick photoresist is spun over the 100 nmperiod gold grating. This is patterned with a coarse-period support structure by UV contact lithography ͓Fig. 5͑a͔͒ and used as a mold to plate gold 2 m thick. After plating, the resist is stripped ͓Fig. 5͑b͔͒ and the silicon etched from the backside of the wafer using a screen-printed black wax as a mask ͓Fig. 5͑c͔͒. After etching the wafer ͓Fig. 5͑d͔͒, the individual gratings are cut out and the black wax is stripped ͓Fig. 5͑e͔͒. Finally, the plating base is sputter etched away, leaving a free-standing grating ͓Fig. 5͑f͔͒. A scanning electron micrograph of a free-standing gold grating is shown in Fig. 6 . To fabricate grids two orthogonal AIL exposures are done to pattern posts in PMMA. Figure 7 shows a 100 nm period post pattern transferred down into the ARC using the trilevel process. The density of posts is 10 10 /cm 2 which may find use for high-density magnetic memory.
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V. SUMMARY
We have developed a lithography to pattern 100 nmperiod gratings and grids covering an area of about 10 cm 2 .
In addition, we have developed a tri-level resist process that is effective for fabricating free-standing gratings in gold and silicon nitride.
The AIL technique can be extended to 50 nm periods using a similar setup in which x rays are used as a radiation source and the two ''parent'' gratings are 100 nm period transmission gratings. 20 
